Introduction

64
Muscarinic receptors play an essential role in various cognitive functions including 65 attention, mental flexibility and, in particular, learning and memory (Coyle et al. 1983 ; 66 
80
On the cellular level, both M 2 and M 1 receptors were found to promote synaptic 81 plasticity at the Schaffer-CA1 synapse of the hippocampus. In slices from M 2 -/-mice, 82
short-term plasticity in the CA1 region was abolished, and long-term potentiation 83 (LTP) was strongly reduced (Seeger et al. 2004 ). Moreover, lack of M 2 receptors 84 totally abrogated the so-called "muscarinic" LTP in CA1 pyramidal cells (Seeger et 
Regierung von Mittelfranken). Artificial cerebrospinal fluid (aCSF) was gassed with 133
95% O 2 -5% CO 2 and contained (in mM) 125 NaCl, 3 KCl, 2 CaCl 2 , 2 MgCl 2 , 1.25 134 NaH 2 PO 4 , 25 NaHCO 3, 10 D-glucose (pH 7.4). For whole cell recordings, CaCl 2 was 135 raised to 2.5 mM and MgCl 2 was reduced to 1.5 mM. 136
137
Field excitatory postsynaptic potentials (fEPSPs) recordings from CA3 stratum 138 radiatum were made using a multi-electrode system (MED64/Performer 2.0 software, 139 2 Na 2 -ATP, 0.3 Na 3 -GTP (pH 7.25, room temperature). Series resistance in whole-150 cell configuration was 10-20 MΩ and compensated by 75-85%. Synaptic currents 151 were recorded at -70 mV, after correcting for liquid junction potential (10 mV). Signals 152 were filtered at 1 kHz and sampled at 10 kHz using the 153 Multiclamp700B/Digidata1440A/pClamp10 system (Molecular Devices, Sunnyvale, 154 CA). Constant current pulses (width 0.1 ms) of 30-80 µA were delivered to a bipolar 155 tungsten electrode at 0.1 Hz located either in the granule cell layer/hilus to evoke MF 156 synaptic responses, or in stratum radiatum of CA3 to evoke A/C synaptic responses, 157 respectively. EPSCs were pharmacologically isolated by GABA A receptor antagonist, 158 picrotoxin (100 µM). Hundred stimuli at 100 Hz (repeated 3 times at an interval of 10 159 s) were used to evoke MF LTP. The NMDA receptor antagonist D-AP5 (50 µM) was 160 present in all experiments on MF LTP to prevent contamination from A/C fibers. In 161 addition, we used low stimulus intensities to minimize polysynaptic and/or A/C fiber 162 activation. Data were included only when EPSCs were reduced > 90% by the group II 163 metabotropic glutamate receptor agonist DCG IV (2.5 μM) at the end of thedrugs were purchased from Sigma (Deisenhofen, Germany). Data are expressed as 166 means ± SEM. Statistical comparisons of data were performed using Student's t test. Using a multi-electrode recording array, two independent A/C-fiber pathways were 174 stimulated and fEPSPs were recorded in stratum radiatum of the CA3 region. 175
Measurements of input-output relationships, in which fEPSP amplitudes were plotted 176 as a function of increasing stimulus intensities, did not reveal appreciable differences 177 in the basic functioning of A/C synapses between hippocampi from M 2 +/+ and M 2 -/-178 mice (Tab. 1). Whereas the control pathway received only low-frequency stimulation 179 (0.05 Hz) throughout the recording session to document stable recording conditions, 180 the experimental pathway was subjected to tetanic stimulation using a TBS protocol. 181
As illustrated in Fig. 1A , TBS reliably produced LTP of excitatory synaptic 182 transmission in M 2 +/+ hippocampi. When determined 26 -30 min after TBS, the 183 slope of the fEPSP was enhanced to 163 ± 9% (n = 7 from 3 mice). By contrast, TBS 184 produced substantially weaker LTP of A/C synapses in hippocampi from M 2 -/-mice 185 (Fig. 1A) , with the increase in fEPSP slope amounting to only 132 ± 5 % (n = 11 from 186 3 mice; p = 0.005) 26 -30 min after TBS. In addition to its effect on LTP, M 2 receptor 187 deficiency caused a similar reduction of the short-term potentiation (STP) 188 immediately following TBS (Fig. 1A) . When determined in the 1 st min post TBS, 189 fEPSP slope was increased to 246 ± 24% in M 2 +/+ hippocampi (n = 7 from 3 mice), 190 but only to 179 ± 9% in M 2 -/-hippocampi (n = 11 from 3 mice; p = 0.006). The MF synapse onto CA3 pyramidal cells is distinct from other excitatory synapses 230 in the CNS in that it displays an unusually high degree of short-term plasticity. To 231 determine whether the lack of M 2 receptors affected the prominent short-termisolated, AMPA receptor-mediated EPSCs. In the first set of experiments, we used 234 the same train of four stimuli that we had applied previously at the A/C-fiber input 235 onto CA3 pyramidal cells. The input dependence of the response pattern becomes 236 immediately obvious from a comparison of the EPSC sequences in Fig. 2A,B . 237
Whereas the quadruple-pulse facilitation attained a ratio of ∼ 2 at the A/C fiber 238 synapse, the ratio was more than twice that large (> 4) at the MF synapse (n = 53 239 from 23 mice). In contrast to the role of M 2 receptors in short-term plasticity at the 240 A/C fiber synapse, genetic disruption (n = 40 from 17 mice) or pharmacological 241 inhibition (n = 19 from 13 mice) of M 2 receptors did not cause a significant decrease 242 in quadruple-pulse facilitation (Fig. 2B) . increased to 165 ± 9 % in M 2 +/+ hippocampi (n = 12 from 9 mice), while the 281 enhancement in M 2 -/-hippocampi attained 256 ± 27 % (n = 9 from 7 mice; p = 0.04). 282
To rule out contamination by inadvertent A/C fiber stimulation, we applied the 283 presynaptic inhibitory group II metabotropic glutamate receptor agonist DCG IV (2.5 284 μM) at the end of each experiment (Fig. 3A,B) , which inhibits glutamate release from 285 MF terminals, but not from A/C fiber terminals (Kamiya et al. 1996) . The increase in 286 long-term plasticity at the MF synapse was characteristically accompanied by a 287 pronounced reduction in failure rate. A comparison between the two groups showed 288 that the drop in synaptic failures was significantly stronger in M 2 -deficient hippocampi 289 than in normal hippocampi (before HFS: M 2 +/+, 25.1 ± 7.0 %, n = 7 from 5 mice; M 2 -290 /-, 23.0 ± 3.2 %, n = 9 from 7 mice; p = 0.41; after HFS: M 2 +/+, 6.4 ± 2 .2%, n = 7 291 from 5 mice; M 2 -/-, 0.8 ± 0.5 %, n = 9 from 7 mice; p = 0.02). 292
293
To rule out that the enhanced LTP at the MF synapse in the mutant hippocampi was 294 attributable to factors other than M 2 receptor deficiency, we repeated the above 295 experiment in normal hippocampi in the absence and presence of gallamine (20 µM). (229 ± 29%, n = 7 from 6 mice) than those in control slices (142 ± 6%, n = 5 from 5 307 mice, p = 0.03), indicating the long-lasting nature of the M 2 receptor-mediated effect 308 on MF plasticity (Fig. 3D) . producing MF LTP. It is widely accepted that a presynaptic rise in cAMP is an 314 essential step in the underlying signaling cascade (Weisskopf et al. 1994) . 315
Consequently, activation of adenylyl cyclase by forskolin is capable of mimicking MF 316 LTP, as shown previously (Weisskopf et al. 1994 ) and replicated in this study ( hippocampi. In the first set of experiment, we found that in both preparations forskolin30 min after forskolin application (Fig. 4C) . To avoid saturation of the EPSC 336 responses that had been already potentiated by forskolin, stimulus intensities were 337 reduced before HFS to obtain baseline responses. When determined 16 -20 min 338 post HFS, relative EPSC amplitudes were 96 ± 8 % of control for M 2 +/+ hippocampi 339 (n = 7 from 5 mice) and 102 ± 8% of control for M 2 -/-hippocampi (n = 4 from 3 mice). 340
341
In the second set of experiments, hippocampal slices were pre-incubated with the 342 cell-permeable adenylyl cyclase inhibitor dideoxyadenosine (DDOA, 10 -15 µM) for 343 2 -6 h, before MF LTP was examined. As shown in Fig. 4D produce sufficient activation of α7 nAChRs on MF terminals to promote LTP. We 398 therefore used the specific α7 nAChR antagonist, α-bungarotoxin (αBTX, 100 nM, 10 399 -15 min preapplication), to determine the contribution of α7 nAChRs to synaptic 400 transmission and plasticity in normal and gallamine-treated slices. Whereas αBTX 401 did not affect MF EPSCs when evoked at control stimulation frequency (0.1 Hz) 402 under normal conditions, the antagonist reduced the amplitude of MF EPSCs duringpharmacologic suppression of M 2 receptors (Fig. 6A) . These data strongly suggest 404 that the lack of M 2 autoreceptors raises the level of endogenous acetylcholine without 405 fully desensitizing α7 nAChRs leading to a tonic enhancement of MF EPSCs. 406
407
Having identified a contribution of α7 nAChRs to basal synaptic transmission at the 408 MF -CA3 synapse when acetylcholine release is not controlled by M 2 autoreceptors, 409
we were surprised to find that αBTX applied 10 -15 min before HFS did not affect the 410 enhancement of MF LTP that we typically observed when M 2 receptors were 411 genetically disrupted or pharmacologically suppressed (see above). In the presence 412 of αBTX (100 nM), the augmenting effect of the M 2 receptor antagonist, gallamine (20 413 µM), on MF LTP was fully preserved ( auto-associative network activity in the CA3 region to prevent it from interfering with 512 the encoding of new information. Vice versa, weak cholinergic activity allows for 513 stronger recurrent excitation in area CA3, thereby promoting auto-associative storage 514 and recall. Experimentally, this model is based on the observation that the cholinergic 515 agonist carbachol inhibits CA3 field EPSPs in stratum radiatum, where AC-fibers 516 terminate, more efficiently than in stratum lacunosum-moleculare and in stratum 517 lucidum, where fibers of the perforant path and mossy fibers terminate, respectively 518 (Kremin and Hasselmo 2007). Our findings add a new dimension to this model in that 519 they allow incorporating muscarinic effects on synaptic plasticity, in a pathway-520 specific fashion. During encoding, when ACh levels are high, mossy fiber LTP would 521 be attenuated, perhaps to avoid rapid saturation of excitatory synapses by the flow of 522 afferent signals, whereas LTP at AC synapses would be strengthened, perhaps to 523 compensate for the presumed depression of the auto-associative network during thisassociative network is busy with pattern completion and recall. The fall in ACh levels 526 accompanying this state would then redistribute the gain of synaptic plasticity to 527 account for the altered activity at the two synapses. In this view, muscarinic 528 facilitation or inhibition of synaptic plasticity in area CA3 ( Tab. 1. The input-output relationships of fEPSPs at A/C synapses were not altered in 742 M 2 -/-mice. 743
